Sciences
Introduction
Epidemiological, clinical, and experimental studies have revealed an inverse relationship of physical activity with the frequency of various cancers such as colorectal, pancreatic, breast, lung, skin, mammary, endometrial, and prostate cancer [1] . Thus, exercise-induced weight control has become an important strategy against cancer and other chronic diseases. The Nurses' Health Study found that moderate exercise such as brisk walking for 3 to 4 hrs per week was effective in preventing colon cancer [2] . It was also reported by the Women's Health Initiative that walking about 30 min per day could reduce breast cancer risk in postmenopausal women by up to 20% [3] . Furthermore, experimental animal studies have demonstrated that voluntary wheel running exercise inhibits UVB-induced skin tumorigenesis in mice [4] . The exercise-induced skin cancer inhibition has been associated with apoptosis in the epidermis via a p53-independent mechanism [5] .
While physical activity has been suggested for cancer prevention, exercise-induced weight loss and cancer inhibition appears less consistent and/or less effective than dietary calorie restriction. Research by the Hursting group suggested that it was negative energy balance rather than exercise alone that inhibited the development of intestinal polyps in APC Min mice [6] . Our previous study found that exercise with an iso-caloric intake, but not exercise with ad libitum feeding, was effective in controlling body weight gain and selectively abrogating the tumor promoter TPA-induced PI3K-Akt pathway in the skin epidermis, resulting in enhanced apoptosis and reduced proliferation [7] .
Many studies have investigated the molecular mechanisms of cancer prevention by physical activity. However, the underlying mechanisms have not been fully elucidated. Several proposed hypotheses include DNA repair, apoptosis regulation, oncogene inhibition and hormone alteration [8] . Alterations of the growth factor IGF-1-related signaling pathway seem to be one of the key mechanisms for weight-loss related cancer prevention.
IGF-1, a critical mediator modulating growth hormone, is known to stimulate cell proliferation, inhibit apoptosis, and induce tumorigenesis [9] . Prospective cohort studies have revealed that people with higher concentrations of IGF-I have an increased risk of developing several types of cancers [10, 11] . Some further studies have shown that constitutive expression of IGF-1 and activation of IGF-1-dependent signaling in basal epithelial cells seems to play an important role in skin cancer development [12] . Squamous papillomas and carcinomas were found to develop spontaneously in BK5.IGF-1 transgenic mice, in which IGF-1 was over-expressed in the basal layer of skin epidermis [13] . IGF-1 receptor, which has a similar structure and function to insulin receptor, can modulate the physiological function of IGF-1; thus, it induces the phosphorylation of many intracellular proteins that then activates various signaling pathways including PI3K/Akt [14 16 ]. The PI3K/Akt pathway has been found to play an important role in IGF-1-mediated tumor promotion. IGF-1-dependent PI3K activity significantly contributed to the tumor promoting role of IGF-1 in the epidermis of BK5.IGF-1 mice [17] . Our previous studies have found that exercise with an iso-caloric diet decreased the plasma levels of IGF 1 with a corresponding down-expression of PI3K, phosphoserine Akt, and p42/p44-MAPK [7] . These results suggested that IGF-1 reduction and inactive PI3K pathway might play an important role in cancer prevention by exercise-induced weight control.
Eukaryotic membranes contain as many as 1000 molecular species of phospholipids. Some phospholipids regulate the activities of enzymes, channels and transport proteins, as well as cell surface receptor that generates first and second messengers. Among these lipids, phosphatidylinositols (PIs) and its phosphorylated derivatives, phosphatidylinositol phosphates (referred to as phosphotinositides), have been found to play an important role in cellular signaling and intracellular trafficking [18] . PIs can be phosphorylated by PI kinases such as PI3K, which is activated by a variety of extra cellular signals including IGF-1 and tumor promoter TPA. PI(3,4,5)P3 or PIP3, the major product of PI3K, is able to bind and activate Akt, thus activating many downstream signaling proteins that regulate cell survival and cell cycle progress [19] . Elevated levels of PIP3 and Akt have been found to be oncogenic and promote the transition to malignancy [20, 21] . Phospholipid profiling changes including PIs can be monitored by "lipidomics" via electrospray ionization tandem mass spectrometry (ESI/MS-MS) [22, 23] By using lipidomics, we previously detected the phospholipid profile of mouse skin tissues and found that exercise with pair-feeding significantly modified some phospholipid species, including a 36% to 75% decrease of certain PI species along with a significant reduction of PI3K [24] . Taken together, our previous observational studies and other studies indicated that exercise with an iso-caloric diet significantly reduces body weight and skin carcinogenesis in correspondence with a low level of plasma IGF-1 and IGF-1-dependent PI3K signaling [7, 24] .
To confirm a requirement of IGF-1 reduction in exercise-induced weight loss and phospholipid change, in this study IGF-1 levels were restored in exercised mice. The effects of IGF-1 restoration on phospholipid profile and IGF-1-dependent PI3K were assessed. This is of particular significance because it addresses the lack of direct evidence for IGF 1 mediation exercise-induced alteration of phospholipid profile and PI3K-related signaling for cancer prevention.
Materials and Methods

Animals and treatments
Female SENCAR mice were purchased from NIH (Frederick, MD) at 6 weeks of age and randomly assigned into one of the following three groups for 12 weeks: ad libitum-fed AIN-93 diet and sedentary control (control), pair-feeding at the same amount as the control and treadmill exercise at 13.4 m/min for 90 min/d, 5 d/week (PE), PE plus IGF-1 injection (PE+IGF-1). Mice were kept individually with 40% humidity and 12-h light/dark cycle. To take into account the biological clocks of nocturnal rodents, the light cycle was adjusted for mice to run nighttime exercise. Body weight of each mouse was recorded twice per week. In the last two weeks, IGF-I (Novozymes GroPep, Australia) was administrated via i.p. injection (at 10 μg/g B.W.) twice per week. PE and the control mice were injected with saline vehicle (sham). The mice were fed until the last day, but exercise was stopped 24 hrs before the mice were sacrificed by decapitation. The blood samples were collected and the dorsal skin samples were snap frozen in liquid nitrogen and then kept at -70ºC until further analysis.
For a pharmacokinetics study of plasma IGF-1, SENCAR mice at 6 weeks of age were acclimated for 1 week and then treated with IGF-1 by i.p. injection once at 10 µg/g body weight. Mice were sacrificed by decapitation at 0, 1, 2, 6, 12, and 24 hrs after injection, respectively. The plasma samples were prepared for IGF-1 analysis.
Assessment of plasma IGF-1 levels
Blood samples were obtained directly by decapitation and collected in heparin-coated tubes. Plasma was isolated by centrifugation at 1,000×g for 10 min at 4ºC. Total IGF-1 in plasma was extracted by acid-ETOH method and was measured by a RIA kit (ALPCO, NH).
Assessment of protein levels by Western blotting
Western blot analysis was performed as described previously [7, 24] . Briefly, mouse skin tissues were homogenized in triton lysis buffer. Protein concentration was measured by a standard BCA assay (BioRad, Hercules, CA). An equal amount of 50 µg of whole cell protein was electrophoresed on 10% SDS-poly-acrylamide gel. The protein bands were transferred to a nitrocellulose membrane, and then the transferred bands of PI3K (110 KDa), IGF-1R beta (98 KDa), and β actin (43 kDa) were respectively bound to their monoclonal antibodies purchased from Santa Cruz Biotechnology Inc.(Santa Cruz, CA). The bound proteins were treated with the appropriate HRP-conjugated secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) and visualized by FluorChem TM 8800 Advanced Imaging System (Alpha Innotech, San Leandro, CA). The relative density of the target band was normalized to the loading control β-actin and then expressed as a percentage of the controls.
Lipid extraction and phospholipid profiling analysis
Lipid extraction and phospholipid profiling analysis were performed as described previously [24] . In short, skin samples were ground with liquid nitrogen. After 2 mL of solvent [chloroform/ methanol (1:2 v/v) + 0.01% butylated hydroxytoluene] were mixed with 1g of tissue, 1.25 mL chloroform and 1.25 mL water were added; the mixture was centrifuged at 1,000 rpm for 15 min, and the lower layer was collected. Then, 1.25 mL of chloroform was added to the tissue, the mixture was centrifuged, and the lower layer was removed and combined with the previously removed lower layer. The combined lower layers were analyzed for phospholipids using an automated electrospray ionization-tandem mass spectrometry approach. Data acquisition and analysis for acyl group identification were carried out as described previously [22, 25] . Twelve phospholipid classes or subclasses, including PI, lysophosphatidylcholine (lysoPC), lysophosphatidylethanolamine (lysoPE), alk(en)yl/acyl phosphocholine (ePC), alk(en)yl/acyl phosphoethanolamine (ePE), and alk(en)yl/acyl phosphatidylserine (ePS), etc., were determined. Identification of phospholipid molecular species was based on total mass/charge and the presence of a fragment of mass/charge consistent with the head group class. The values less than 2 pmol or 0.002 mol% are not in a linear range, indicating undetectable (UD).
Statistical analysis
The overall effects of treatments on body weight, IGF-1 levels, phospholipids, and Western blotting proteins were analyzed by one-way ANOVA with the least significant difference Fisher's LSD method. Data are expressed as means ± S.E. The level of significance of all statistical tests is set at the 5% level by applying Dunnett's adjustment. All the statistical analyses were carried out with SAS 9.1 Software.
Results
Effect of treadmill exercise with iso-caloric diet on body weight
Body weights of mice during the total 12 weeks of experimentation are shown in Figure 1 . Mice in the control group gradually gained weight throughout the experimental period P < 0.05), which began with 32.2 ± 1.4 g and ended with 36.5 ± 1.4 g. The body weight of PE mice significantly changed during the whole experimental period, starting at 31.9 ± 1.3 g and ending at 32.4 ± 0.8 g. When compared with the sedentary control, PE mice had significantly lowered body weight, beginning in 2 nd week except for 7 th week (P < 0.05).
Effect of exercise with an iso-caloric diet and IGF-1 addition on plasma IGF-1 levels
As shown in Figure 2A , plasma IGF-1 levels were significantly reduced in both PE and PE+IGF-1 groups 24 hrs after the last IGF-1 injection when compared with the control counterparts (P < 0.05).
Therefore, a pharmacokinetic study of plasma IGF-1 levels after IGF-1 injection in SENCAR mice was conducted and shown in Figure  2B . After injection of IGF-1 (10 µg/g B.W), the concentrations of plasma IGF-1 significantly increased, reaching a maximal concentration near 1 hr after injection and then gradually declining to the basal level around 24 hrs with a half-life of 3.4 hrs.
Effect of IGF-1 addition on phospholipid profile alteration
A total of 338 phospholipid species were detectable by ESI/MS-MS in the mouse skin samples and 21 of them were found to be significantly different among the treatment groups. As shown in Table 1 , the altered species of phospholipids include 3 PI, 4 lysoPC, 2 lysoPE, 1 ePC, 5 ePE and 6 ePS.
Three detected PI species were significantly altered in PE mice when compared with the sedentary control. Among these three altered PIs, 38:4-PI is the most abundant, representing 90% of the total PIs F i g u r e 3 : Impact of IGF-1 addition on exercise-induced expression of IGF-1 receptor and PI3K in mouse skin tissues. SENCAR mice were exercised with an iso-caloric diet for 12 weeks. IGF-I was injected at 10 μg/g B.W. twice per week in the last two weeks. The levels of IGF-1 receptor and PI3K protein in skin tissues was determined by Western blotting and quantified by the FluorChem 8800 Advanced Imaging System. No statistical difference of the levels of IGF-1 receptor between treatment groups was found. The levels of PI3K expression was significantly decreased in PE group, but that reduction was reversed by IGF-1 addition (means with different letters differ significantly, P < 0.05, n = 5-7.
Effect of IGF-1 addition on IGF-1 receptor and PI3K protein expression
The expression levels of IGF-1 receptor and PI3K protein in mouse skin samples as measured by Western blotting analysis are shown in Figure 3 . While the expression of IGF-1 receptor was not significantly different between treatment groups, the expression of PI3K was decreased in PE mice. Furthermore, the significant decrease of PI3K expression in PE mice was reversed by IGF-1 addition.
Discussion
We previously demonstrated that exercise with an iso-caloric diet significantly reduced body weight in correspondence with a decrease of plasma IGF-1 and IGF-1-dependent PI3K/Akt signaling [7] . We also found a significant modification of phospholipid profile by exercise with an iso-caloric intake occurred in the skin epidermis, which might be related to the reduced PI3K activity [24] . To further confirm a causal requirement of IGF-1 reduction for a mechanistic understanding of exercise-induced skin cancer prevention, the present study was conducted to investigate the effects of IGF-1 restoration on phospholipid profile and PI3K expression.
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The body weight significantly decreased by treadmill exercise with an iso-caloric diet when compared with the sedentary counterparts (Figure 1) , which is consistent with our reports and others [7, 24, 26, 27] . As expected, plasma IGF-1 levels were significantly lower in exerciseinduced weight loss mice (Figure 2A) . Reduction of the plasma IGF 1 levels has been intensively reported in weight controlled animal models, especially in dietary calorie restriction-induced weight loss. For example, serum IGF-1 levels are usually found to drop down to half in 40% dietary calorie restricted rats or 74% in 20% dietary calorie restricted p53-deficient mice [28] [29] [30] [31] . The influence of exercise on plasma IGF-1 levels is somewhat complicated, but it seems to be related to dietary calorie intake. It was found that the plasma IGF-1 levels did not decrease either by short bout exercise or physical training in adults [32] . In rodent models, both our studies and others found that exercise with ad libitum feeding was not sufficient to decrease plasma IGF-1 levels [7, 33] . When the exercised mice were fed an iso-caloric diet as their sedentary counterpart, the plasma levels of IGF-1 were significantly reduced [7] .
However, IGF-1 injection did not restore the plasma levels of IGF-1 in PE mice (Figure 2A ). To illustrate this discrepancy, a pharmacokinetics of IGF-1 injection was further studied. After injection of IGF-1, the concentration of plasma IGF-1 increased, reaching a maximal concentration near 1 hr after injection and then gradually declining to the basal level around 24 hrs with an elimination half-life of 3.4 hrs ( Figure 2B ). Since the IGF-1-injected mice were sacrificed 24 hrs after the last IGF-1 injection, it might not be unexpected that the IGF-1 levels in PE+IGF-1 mice were not significantly changed. Although the plasma levels of IGF-1 in the exercised mice were not significantly changed 24 hrs after injection, acute elevation of plasma IGF-1 levels through multiple injections still significantly modified the altered phospholipids in PE mice (Table 1 ) and PI3K protein expression ( Figure 3 ).
As shown in Table 1 , two of the three altered phospholipid PIs, including the most abundant 38:4-PI in PE mice, were reversed in PE+IGF-1 mice. PIs have been associated with many biological functions such as lipid PI3K signaling [34, 35] , this change by interaction between exercise and IGF-1 restoration is in agreement with our previous report [24] . In addition to PIs, four lysoPCs and two lysoPEs were modified with injection of IGF-1. Lysophospholipids have been suggested to have a role related to cell signaling. LysoPC could bind to G-protein coupled receptors, leading to the activation of protein kinase C and mitogen-activated protein kinase signaling [36, 37] . Modification of lysoPC has been characterized in inflammation-related disease and a decrease of lysoPC levels may prevent cancer and/or atherogenesis by reducing cellular damage and proliferation [38] [39] [40] . Furthermore, the present study also found some ether phospholipids species, such as 32:1-ePE, 38:1-ePE, 40:3-ePE, 38:0-ePS, and 40:4-ePS, which were also significantly changed by IGF-1 addition. It should be noted that some of the identified phospholipids might be ambiguous due to same m/z and same head group. For instance, 38:1-ePE could be 38:8-PE, 38:2-ePE could be 38:9 PE, 38:0-ePS could be 38:7-PS, 38:2-ePS could be 38:9 PS, and 40:1-ePS could be 40:8-PS. Furthermore, some phospholipid changes were in compounds of low abundance, detected near the high m/z end of clusters of MS peaks containing more abundant compounds, suggesting that any issue with the isotopic deconvolution of the cluster might cause a false change. Some phospholipid changes are not same as we reported previously [24] , which may be, at least in part, due to a different mouse strain used. While the functional impact of exercise on the most of these phospholipid species is not fully defined, future studies focused on the combined interaction of IGF-1 on cancer-related lipid signalings may be warranted.
A clear understanding of a potential impact of exercise on phospholipids appears to be PIs-related PI3k signaling. In addition to being membrane structural building blocks, PIs and their derivatives like PIP3 have been found to play an important role in cellular signaling and intracellular trafficking [17] . It has been demonstrated that elevating levels of PIP3, a major product of PI3K, has been able to activate Akt and promote the transition to malignancy [18] [19] [20] . An activated PI3K usually phosphorylates PIs in the cell membrane to produce PIP3 and activate a series of downstream proteins for cell survival and progress. Therefore, a significant impact of exercise with or without IGF-1 addition on PIs, especially the most abundant PI 38:4 may be related to PI3K activity. It is interesting that the restoration of IGF-1 in this study statistically abolished the reduction of PI3K rather than IGF-1R in PE mice (Figure 3 ). Considering the importance of PI3K in IGF-1-mediated skin cancer promotion, the present study not only demonstrates that the reduced expression of PI3K in PE mice is significantly abrogated by IGF-1 addition, but also provides direct evidence that IGF-1 mediates the exercise-induced PIs and PI-related PI3K changes. Besides, it would also be interesting to investigate the effects of the IGF-1 injection in normal mice without exercise as an appropriate control.
In summary, the results of this study showed that treadmill exercise with an iso-caloric intake could control body weight and reduce plasma IGF-1 levels. The reduced IGF-1 levels seem to be required for the changes of certain phospholipid species including PIs and PIs-associated PI3K expression. Therefore, these data provide first time evidence that exercise-induced reduction of IGF-1 appear to be required in mediating the alteration of phospholipid profile and PI-related PI3K signaling.
